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Abstract
Physical activity, likely through induction of
neuroplasticity, is a promising intervention to
promote brain health. In athletes it is clear that
training can and does, by physiological adaptations,
extend the frontiers of performance capacity. The
limits of our endurance capacity lie deeply in the
human brain, determined by various personal factors
yet to be explored. The human brain, with its vast
neural connections and its potential for seemingly
endless behaviors, constitutes one of the final
frontiers of medicine. In a recent study published in
BMC Medicine, the TransEurope FootRace Project
followed 10 ultra-endurance runners over around
4,500 km across Europe and recorded a large data
collection of brain imaging scans. This study indicates
that the cerebral atrophy amounting to a reduction of
approximately 6% throughout the two months of the
race is reversed upon follow-up. While this study will
contribute to advances in the limits of human
performance on the neurophysiological processes in
sports scientists, it will also bring important
understanding to clinicians about cerebral atrophy in
people who are vulnerable to physical and
psychological stress long term.
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Background
A plethora of evidence exists to show that there are no
major doubts behind the physical benefits of exercising.
Another source of short-term exercise benefit has to do
with increased neurogenesis in the brain and improved
mental performance [1]. Structural neuroplasticity - the
brain’s ability to undergo structural alterations following
environmental changes - has become an accepted biologi-
cal phenomenon. However, some questions remain. First,
do endurance exercise responses when experienced multi-
ple times over weeks impact the brain in such a way as to
become neuroprotective? Second, how do the brain’s
resources contribute to optimizing running performance?
Physiological data on human brain activity during chronic
exercise responses are still sparse.
Recently, research on the favorable effects of exercise on
the brain structure and function is emerging based on
functional neuroimaging approaches (for example, [2]).
Repeated and strenuous running exercises constitute a
remarkable physical stressor requiring important mental
effort. An example of this is the 64 day ultramarathon cov-
ering about 4,500 km from Bari, Italy to the North Cape,
Norway used in the study of Freund et al. [3], published in
BMC Medicine. We expect the ultramarathon model to
involve concurrent physical and mental demands. Thus, it
can probably be considered as one of the main challenges
that would allow us to explore the finite resources of the
human brain under natural field settings. Freund et al. [3]
have successfully explored some biometrical data and the
cerebral structural changes occurring in 10 runners in
response to chronic endurance running exposure, with the
help of three identical magnetic resonance (MR) scanners
(one was a mobile MR unit mounted on a truck trailer
across Europe). The results of this unique study, which
revealed no brain lesions, suggest that ultra-endurance
runners likely have important mental effort prerequisites
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and an adapted training workload to cope with demands
of ultramarathon running. Additionally, it gave some clues
to the effect of extreme fatigue with energy deficits on
changes to the cortical grey matter volume. Having an
understanding of what the brain does during an ultra-
marathon event could help refine research on the matter
of mind over muscle [4,5] into the mechanisms determin-
ing exercise tolerance. Such a study may benefit not only
endurance athletes but also military personnel involved in
physical work over prolonged periods and patients affected
by unexplained chronic fatigue syndromes.
Neurophysiological and behavioral changes through
extreme running exercise
The study by Freund et al. [3] offers outstanding opportu-
nities that we highlight here. Even with some expected
technical difficulties and limitations (sample size), the fol-
low-up at three or four time-points explored the adapta-
tion of different functional body systems, such as changes
in body weight and brain volume. In particular, a large
data collection of brain imaging scans with dedicated
sequence parameters was achieved before, twice during
and about eight months after the race (in seven runners).
Thus, this study examined whether the grey matter
volume changes were driven by the extreme level in physi-
cal loading. The observed grey matter atrophy (as an
expression of neuronal downregulation), amounting to a
reduction of approximately 6% throughout the two
months of the race, was reversible on follow-up. A robust
literature documents that exercise is a simple and widely
practiced behavior that activates molecular and cellular
cascades that support and maintain brain health and neu-
roplasticity [1]. It is typically suggested that acute exercise
improves brain functions by increasing cerebral blood
flow, and that one source of cognitive benefit is purely car-
diovascular [6]. Until now, how the cerebral volume
changes with regards to extreme physical load during pro-
longed exercise has not been documented. Such studies
could give some new insights into the prescription of pre-
ventative and therapeutic exercise for various diseases,
such as Alzheimer’s and Parkinson’s, that progress via the
loss of neurons. Even if cerebral alterations, based on volu-
metric changes, were observed in the study by Freund et
al. [3], although without brain lesions, one may assume
that the pattern of ultramarathon exercise-related activa-
tion change could produce a functional reorganization of
brain network activity. In this reorganization, the pattern
of increasing and decreasing activation could occur across
distinct brain areas, for example, in the prefrontal cortex,
involved daily in motivational processes, and the insula
and anterior cingulate cortex, for processing levels of exer-
tion. Extreme physical and psychological stresses, such as
those encountered during an ultramarathon task, strongly
perturb the body and mind, which in turn initiates
complex cognitive and affective response strategies. It
remains to be seen whether cognitive changes could influ-
ence cerebral structure, independent of the level of physi-
cal load.
There is evidence from ecologically valid conditions
(that is, non-laboratory settings) that sensory-motor inte-
gration tasks involving large-scale bodily movements
such as running with specific control and/or attention
processes require massive and sustained neural activation
of the sensory, motor and autonomic systems [7]. This is
coupled with the fact that the brain operates on a fixed
amount of metabolic resources [8]. Runners are likely
motivated by a set of attention and control areas of the
brain that are used to support or cope with novel
demands that occur during effortful performance with a
changing environment [9]. The mental and physical costs
incurred by each runner in the Freund et al. paper [3]
while achieving a particular level of performance, taking
into account their capacities, should vary - with continu-
ously shifting priorities over time. The more efficient the
mental processes are, the better the brain is at utilizing
knowledge and experience in decision making, especially
under extreme conditions [10]. Among the many meth-
ods of measuring mental workload, physiological mea-
sures offer promise because they can be more closely
linked to brain function. However, more research is
needed to clarify how exercise might affect mental ability
in the long term by new or complementary research
tools. During exercise, mental effort is associated with an
increase in cerebral oxygenation [11], which could be
locally monitored during exercise by a new emerging
neuroimaging technique, the near-infrared spectroscopy
(NIRS). Similar to functional MR imaging (fMRI), func-
tional NIRS (fNIRS) is a hemodynamic-based technique
for the assessment of functional activity in the human
cortex and has the advantage of being relatively resistant
to motion artifacts, allowing easy measurement in less
restricted and noisy conditions [12]. Emerging portable
and miniaturized fNIRS systems open new opportunities
to study motor, sensory and autonomic functions in rea-
listic environments in future projects dealing with exer-
cise stress. Future fused fMRI and fNIRS studies have the
possibility to delineate potential brain response signa-
tures to study the response of individuals to demanding
psychological and physical conditions in an outpatient
setting.
Conclusion and perspectives
From a perspective of neuroimaging, the findings of the
study by Freund et al. are significant in that they provide a
first view of the dynamic state of brain plasticity as regards
long-term running exercise. This project is finding
widespread application in the study of chronic human
brain activation, motivating further application-specific
Perrey and Mandrick BMC Medicine 2012, 10:171
http://www.biomedcentral.com/1741-7015/10/171
Page 2 of 3
development of the technology for capturing brain func-
tion changes in realistic environments. Study of fatigue in
the clinical setting is complicated by its multifactorial
etiology, psychological factors and patients’ perceptions.
The pathophysiology of the physical fatigue experienced
by most patients can be viewed from the perspective of
exercise physiology. This article is a clear example of a
creative way forward to address new fundamental ques-
tions on the impact of fatiguing exercise on mental and
physical load.
Authors’ contributions
SP drafted the manuscript and KM made substantial contributions in revising
it. SP and KM read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Author details
1Movement to Health (M2H), Montpellier-1 University, EuroMov, 700 Avenue
du Pic Saint Loup - 34090 Montpellier, France. 2Bodysens, 442 Rue Georges
Besse, Immeuble Innovation 3 - 30035 Nîmes, France.
Received: 28 November 2012 Accepted: 21 December 2012
Published: 21 December 2012
References
1. Cotman CW, Berchtold NC: Exercise: a behavioral intervention to enhance
brain health and plasticity. Trends Neurosci 2002, 25:295-301.
2. Boecker H, Sprenger T, Spilker ME, Henriksen G, Koppenhoefer M,
Wagner KJ, Valet M, Berthele A, Tolle TR: The runner’s high: opioidergic
mechanisms in the human brain. Cereb Cortex 2008, 18:2523-2531.
3. Freund W, Fauts S, Birklein F, Gaser C, Wunderlich AP, Müller M, Billich C,
Juchems MS, Scmitz BL, Grön G, Schütz UHW: Substantial and reversible
brain grey matter reduction but not acute brain lesions in ultra
marathon runners. Experience from the TransEurope FootRace Project.
BMC Med 2012.
4. Marcora SM, Staiano W: The limit to exercise tolerance in humans: mind
over muscle? Eur J Appl Physiol 2010, 109:763-770.
5. Noakes TD: Fatigue is a brain-derived emotion that regulates the
exercise behavior to ensure the protection of whole body homeostasis.
Front Physiol 2012, 3:1-13.
6. McCloskey DP, Adamo DS, Anderson BJ: Exercise increases metabolic
capacity in the motor cortex and striatum, but not in the hippocampus.
Brain Res 2001, 891:168-175.
7. Vissing J, Andersen M, Diemer NH: Exercise-induced changes in local
cerebral glucose utilization in the rat. J Cereb Blood Flow Metab 1996,
16:729-736.
8. Ide K, Secher NH: Cerebral blood flow and metabolism during exercise.
Prog Neurobiol 2000, 61:397-414.
9. Petersen SE, van Mier H, Fiez JA, Raichle ME: The effects of practice on the
functional anatomy of task performance. Proc Natl Acad Sci USA 1998,
95:853-860.
10. Paulus MP, Potterat EG, Taylor MK, Van Orden KF, Bauman J, Momen N,
Padilla GA, Swain JL: A neuroscience approach to optimizing brain
resources for human performance in extreme environments. Neurosci
Biobehav Rev 2009, 33:1080-1088.
11. Secher NH, Seifert T, van Lieshout JJ: Cerebral blood flow and metabolism
during exercise: implications for fatigue. J Appl Physiol 2008, 104:306-314.
12. Perrey S: Non-invasive NIR spectroscopy of human brain function during
exercise. Methods 2008, 45:289-299.
Pre-publication history
The pre-publication history for this paper can be accessed here:
http://www.biomedcentral.com/1741-7015/10/171/prepub
doi:10.1186/1741-7015-10-171
Cite this article as: Perrey and Mandrick: Evidence from neuroimaging
to explore brain plasticity in humans during an ultra-endurance burden.
BMC Medicine 2012 10:171.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Perrey and Mandrick BMC Medicine 2012, 10:171
http://www.biomedcentral.com/1741-7015/10/171
Page 3 of 3
